The susceptibility of electric and energetic properties of two sets of molecules to perturbation in a uniform electric field was investigated. The molecules of one set were deca-1,3,5,7-pentaene terminated with two functional groups, R 1 and R 2 ; those of the second set were 4-R 1 -4′-R 2 -p-diphenylbenzenes, with R 1 and R 2 being the same as in the polyene set. The polyene and aromatic molecules had similar lengths of the system of conjugated bonds between the two most extreme carbon atoms. Dipole moments were used as determinants of the overall charge transfer within the molecules. The electric field was directed along the main (longest) axes of the molecules from the negative pole to the positive. Comparison of the effect of the charge relocation in both sets of conjugated molecules revealed that the charge transfer imposed by the electric field was more efficient in the polyenes than in the aromatic compounds; however, for the molecule pairs with the same R 1 and R 2 , reversal of the dipole moment direction falls at the same field strength. Parabolic dependence of the molecules' energy as a function of field strength can also be interpreted in terms of the response of electron density to an electric field.
Introduction
There are a number of papers dealing with the impact of a homogeneous electric field on the structural and electronic properties of molecules. A series of papers was devoted to atomic polarizabilities, that is polarization of the atomic charge distribution in molecules [1] [2] [3] [4] [5] . Among other effects, one can mention the tuning of aromaticity of para substituted benzene derivatives [6] and polycalicenes [7] imposed by the field. The most interesting result for us in the first paper was finding the dipole moment direction reversal in paminophenol, p-nitrobenzonitrile, and p-nitrophenol at a sufficiently high field strength and at its proper direction toward the main molecular axes.
There are also reports about the effects of electric fields (both in the inorganic and biological milieu) on chemical reactions, as the field can significantly alter the potential energy curves near the transition state region governing chemical reactions [8] and consequently influence course and rate constants of the reactions [9] [10] [11] [12] . Most effects can be comprehended as the field-induced stabilization of ionic structures [16] . Electric fields also impact on the biological properties of cells and their components [12] [13] [14] [15] . Therefore, application of a properly oriented electric field may be considered as a particular sort of catalysis [8] [9] [10] . These effects of the electric field were investigated both theoretically and experimentally. Comprehensive and informative reviews can be found in Ref. [16] [17] [18] .
How large are the electric field strengths to cause the measurable catalytic effects? A study of the field effect to model reaction kinetics in the formic acid dimer [19] showed that a field strength of 3 × 10 9 V/m (0.3 V/Å) is found to be sufficient to double the proton transfer in the molecule [19] . The fields sufficiently strong to determine the selectivity between two competing reactions (hydroxylation vs epoxidation) are approximately 0.0125 atomic units (a.u.) to − 0.0125 a.u., that is 0.6 to − 0.6 V/Å [10] . In the biological milieu, e.g., the microenvironment of DNA, the local fields are estimated to be of the order 10 −2 -1 V/Å [19] . The lower limit is near to the estimated strength of the intramolecular field of the order 10 −2 V/Å [20] . Fields of 0.01 V/Å accelerate photosynthetic reactions by an order of magnitude [8] . For a fully saturated phosphatidylcholine membrane model, the strength of the electric field can reach a value up to 0.1 V/Å [15] . In condensed phase systems (e.g., aqueous NaCl electrolytes), the internal (fluctuating) electric fields throughout the space between nuclei are much stronger (1 V/Å) [21] . We were interested in the impact of a steady electric field on the charge distribution in some molecules. The overall representation of the charge distribution is offered by the molecule dipole moment. Our first aim was to present and compare two ways of calculation of the field strength (E 0 ) sufficient to reset to zero the overall dipole moment of a molecule. The fields stronger than that can reversely polarize molecules. It is interesting to compare the E 0 field to fields which are produced within the chemical and biological environment.
The second aim was connected to the recent results of the comparison of the effect of substituents in cyclohexa-1,3-diene derivatives and in benzene [22] . It appeared that the donating ability of the NH 2 group was around 1.4 times more strongly affected by a series of substituents in the para position to the NH 2 group when the transmitting moiety was olefinic than when it was aromatic. We were interested in the comparison of the electric field effects on the properties of larger aromatic and olefinic structures, characterized by a similar length of conjugation.
The studied systems belong to the class of the so-called pushpull systems [23] . These molecules are relevant in the literature because they present a very high value of the calculated nonlinear optical properties. It has been found that the conventional density functional schemes generate overly large dipole moments in such systems as compared to the simple HF, Möller-Plesset, and coupled-cluster calculations. The quality of results depends on the choice of the XC functional [23, 24] .
Calculation
The values of the electric field strength used in our calculations were taken from the interval − 0.01 to 0.01 a.u. (− 0.5 to 0.5 V/Å) for most cases. In two cases, two points at E = 0.014 a.u. had to be added to generate at least three points corresponding to molecules with both directions of dipole moments (Figs. 2, 3, 4, and 5).
The calculations were conducted using density functional theory (DFT) with Becke's hybrid exchange functional [25] and Lee-Yang-Parr correlation functional (B3LYP) [26] . The 6-31+G(d) basis set with polarized and diffuse functions was employed in all calculations [27, 28] . Then, taking into consideration the Referee's recommendation, the calculations were repeated with the CAM-B3LYP, a long-range corrected functional that fixes the incorrect electric field dependence modeled by the exchange functional of the traditional DFT methods as B3LYP [29, 30] . It was found that this longrange collected density functional removes a large part of t h e o v e r e s t i m a t i o n o f d i p o l e m o m e n t s a n d hyperpolarizabilities (experimentally observed) and does better in modeling polarizability [31] .
The plots of dipole moments and energies vs strength of electric field, calculated with the CAM-B3LYP, are included only for the polyene and diphenylbenzene with R 1 =NH 2 and R 2 =NO 2 .
The calculations were performed using the Gaussian 09 program [32] . Molecular structures were optimized without any symmetry constraints, with and without external fields with the default convergence thresholds for the maximum displacements and residual forces on nuclei. The electric field was parallel to the main molecular axis and to the X-axis of the coordinate system and the E vector was directed toward the positive charge (as shown in Fig. 1 ). This convention is the same as applied in Gaussian input. In the four aromatic structures with phenyl rings, the X-axis of the coordinate system passed through the carbon atoms in the para position. Position of the polyene structures with respect to the X-axis is shown in Fig. 1 . The optimized geometries are deposited in the Supporting Information. The axis was oriented so that the dipole moments of all molecules without any applied electric field were positive-that is, the dipole moment vectors originate at the negative pole and point to the positive pole (Fig. 1) . Therefore, all fields in this paper have the same direction as the X-axis along which they are aligned. The distances between two terminal C atoms, calculated for the two structures without substituents, where the terminal bonds were C-H instead of C-R 1 and C-R 2 , were 11.47 Å for diphenylbenzene and 11.12 Å (in deca-1,3,5,7,9-pentaene).
Results
First, the dipole moments of the polyene and aromatic compounds were calculated in the absence of an external electric field (Table 1) . Given the dipole moments as measures of polarization of the molecules, we can see that for the more polarized molecules (R 1 =NO 2 and R 2 =NH 2 , as well as R 1 =NO 2 and R 2 =OH), the difference between the dipole moments of a polyene and its aromatic counterpart is larger than for the two weakly polarized molecules (R 1 =NO 2 and R 2 =NH 2 , as well as R 1 =NO 2 and R 2 =CN).
Then, the dipole moments of all molecules were calculated and plotted against the strength of the electric field. Results obtained by using the B3LYP functional are shown in Figs. 2, 3, 4, and 5. It appeared that all plots were good linear functions. In all cases, the slope of the straight line for a polyene was significantly larger than that for the corresponding diphenylbenzene with the same substituents. Equations of linear functions describing plots for aromatic molecules (4-R 1 -4′-R 2 -p-diphenylbenzene) are shown at the left, and those for polyenes (R 1 -1,3,5,7-decapentaene-R 2 ) are shown at the right of the pictures. These functions allowed determination of the values of the electric field (E 0 ) for which dipole moments are zeroed. At this field strength, reversal of the dipole moment direction takes place. At E = E 0 , initial polarization of a molecule has the same absolute value (and the reverse direction) as the polarization induced by the field. The values of the ratios of the slopes (of polyenes vs aromatics with the same R 1 and R 2 ) are within the range 1.3-1.4. These significant data (values of E 0 and the ratios of the slopes) are shown in Table 2 . For the first four molecules with the higher dipole moments (7) (8) (9) (10) (11) (12) (13) (14) (15) , the E 0 is about 0.006-0.007 a.u., i.e., 0.3-0.4 V/Å. For the last four molecules possessing a relatively low dipole moment (up to 1.8 Debye), the E 0 field is lower, of the order of 0.001 a.u., i.e., 0.05 V/Å.
Taking into account that the B3LYP and other ("classical") DFT functionals generated too high dipole moments for the π-conjugated systems [23] , calculations were also made using a hybrid exchange-correlation functional including the Coulomb attenuating factor (CAM-B3LYP). Tables 1, 2 , and 3 contain data obtained with both funct i o n a l s f o r a l l f o u r s y s t e m s . T h e p l o t s ( f o r a diphenylbenzene and polyene) of dipole moments against E, for data calculated at the CAM-B3LYP, are shown in Fig. 6 for one, the most interesting system, (R 1 =NO 2 and R 2 =NH 2 ).
The plots constructed by using data generated at CAM-B3LYP were similar. One of the systems with R 1 =NH 2 and R 2 =NO 2 (for a diphenylbenzene and polyene) is shown in Fig. 8 .
The energy of molecules as a function of the external electric field strength
Next, let us see how the energies of the molecules responded to perturbation in their charge redistribution. The plots of the energies calculated every 0.005 a.u. at the B3LYP/6-31+G(d) level are shown in Fig. 7 . Equations of the parabolas are given: for diphenylbenzenes at the top and for polyenes near the horizontal axis. They allowed determination of the E max values given in Table 3 .
The plots constructed by using data generated at CAM-B3LYP were very similar. One of the systems with R 1 =NH 2 and R 2 =NO 2 (for a diphenylbenzene and polyene) is shown in Fig. 8 .
The plots of energies of molecules in the presence of electric fields of varying strengths were found to be parabolic functions of the latter with coefficients of determination exceeding 0.99 in every case. Based on the equation of the parabola, one can find the field strength corresponding to the maximum energy of a molecule (E max ). These values are given in Table 3 . For the molecule of both groups, the E max values are almost the same and agree very well with those determined from the plots in Figs. 2, 3, 4 , and 5, shown in Table 2 . Thus, it Table 2 Values of the applied electric field strength (E 0 ) at which the dipole moment (μ) of a molecule (aromatic or polyene) equals zero and ratio of the slopes (polyenes vs diphenylbenzene) of the linear plots of μ vs E 0 calculated at B3LYP and the at CAM-B3LYP levels appears that maximum energy falls for the molecule characterized by a dipole moment very close to zero. Then, going to negative E values, the molecule is more polarized in the same direction, as at E = 0 (Table 1 ) and its energy lowers. Minima of energy fall at the lowest considered E values, e.g., E = − 0.005 a.u. (for R 1 =NO 2 , R 2 =NH 2 ) or (− 0.01 a.u., for R 1 =NO 2 , R 2 =CN). These negative fields enhance the values of the dipole moments of molecules with the same direction as those of the unperturbed molecules.
So, the energy of a molecule in external fields of strengths going from zero to the maximum negative value monotonically decreases. One could expect that the energy would increase at the subsequent positive value of the electric field strength,
R1=NO2, R2=NH2
R1=NO2, R2=OH
R1=OH, R2=NH2 R1=NO2, R2=CN resulting in diminishing the dipole moment and shifting the negative charge from the negative substituent (e.g., NO 2 ) to the positive (e.g., NH 2 ). However, at the E = E 0 value corresponding to μ equal zero, the energy reaches the maximum and at the more positive values begins to decline. For the points at right from the maximum, both the orientations of the dipole moment and of the external field are once again antiparallel and the increasing field brings about a lowering of energy.
Conclusion
The reaction to a steady electric field of aromatic and polyene molecules, with very similar lengths of conjugation due to unsaturated carbon-carbon bonds, was compared. It was found that the response of polyene molecules, as measured by the slopes of linear plots of dipole moments vs electric field strengths, was larger than that of aromatic molecules. This finding points to a greater resistance of the aromatic units than that of the polyene chains to repolarization. However, the strength of electric fields reversing the dipole moment of dipolar molecules is, as far as it can accurately be determined, the same for an aromatic molecule or polyene molecule possessing the same substituents. For molecules with a higher initial dipole moment, E 0 is of the order of 0.03-0.04 V/Å; for less polar molecules, E 0 is of the order of 0.01 V/Å. These values are of the order of the fields that are common in the environment of molecules, including those of biological importance as well as in the tunneling microscope (STM) and in intense laser radiation fields [19] . 
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